The xylA gene coding for xylose isomerase from the hyperthermophile Thermotoga neapolitana 5068 was cloned, sequenced, and expressed in Escherichia coli. The gene encoded a polypeptide of 444 residues with a calculated molecular weight of 50,892. The native enzyme was a homotetramer with a molecular weight of 200,000. This xylose isomerase was a member of the family II enzymes (these differ from family I isomerases by the presence of approximately 50 additional residues at the amino terminus). The enzyme was extremely thermostable, with optimal activity above 95؇C. The xylose isomerase showed maximum activity at pH 7.1, but it had high relative activity over a broad pH range. The catalytic efficiency (k cat /K m ) of the enzyme was essentially constant between 60 and 90؇C, and the catalytic efficiency decreased between 90 and 98؇C primarily because of a large increase in K m . The T. neapolitana xylose isomerase had a higher turnover number and a lower K m for glucose than other family II xylose isomerases. Comparisons with other xylose isomerases showed that the catalytic and cation binding regions were well conserved. Comparison of different xylose isomerase sequences showed that numbers of asparagine and glutamine residues decreased with increasing enzyme thermostability, presumably as a thermophilic strategy for diminishing the potential for chemical denaturation through deamidation at elevated temperatures.
Insights into the basis for extreme levels of protein thermostability have been sought through the comparison of enzymes from hyperthermophilic microorganisms (i.e., microorganisms with an optimum growth temperature above 80ЊC) with homologous, but less thermostable, counterparts from mesophiles. Because only a few crystal structures for proteins from thermophiles are available, thermostability comparisons have been done on the basis of biochemical characteristics in connection with analyses of gene sequences. Prior to the availability of gene sequences for hyperthermophilic proteins, it was thought that improvement of thermostability among similar enzymes could be explained by a few general rules, like the increase of the number of salt bridges, the increase of the hydrophobicity index, or the decrease of flexibility both in ␣-helices and loop regions (16, 26, 39) . However, the limited analyses of homologous gene sequences done thus far suggest that (i) thermostability most likely arises from a number of sometimes subtle contributions that may be difficult to impart to less stable proteins and (ii) thermostabilization mechanisms are not the same in all protein families (2, 42) .
The industrial use of immobilized xylose isomerase for catalyzing the isomerization of glucose to fructose for the manufacture of high-fructose corn syrup further motivates efforts to enhance the thermostability of this enzyme (often referred to as glucose isomerase in this case). Equilibrium for the isomerization reaction is shifted toward fructose at high temperatures (38) . Currently operated at 58 to 60ЊC with moderately thermostable xylose isomerases, the industrial process gives rise to a 40 to 42% fructose syrup, requiring an additional chromatography step to achieve the 55% fructose concentration needed for high-fructose corn syrup. Performing the isomer-ization at 85 to 95ЊC would permit the direct production of 55% fructose syrups (without the last chromatography step). Brown et al. (8) and Starnes et al. (36, 37) , in fact, isolated and characterized xylose isomerases from the hyperthermophilic eubacteria Thermotoga maritima and Thermotoga neapolitana. Since these hyperthermophilic enzymes are active above 95ЊC, they have been proposed for high-fructose corn syrup production.
Because of the availability of structural information and the high level of industrial interest in their use, xylose isomerases (EC 5.3.1.5) from a number of bacterial sources have been studied in detail. Such studies have produced several crystal structures for xylose isomerases (for references, see reference 3) and have resulted in the sequencing of a number of genes encoding these enzymes (see GenBank). In addition, their catalytic mechanism has been investigated (for references, see reference 3) , and approaches to improving their thermostability have been explored (27, 30, 34) . Given the wealth of data available for a variety of xylose isomerases over a broad range of temperatures, these proteins represent an excellent model system for exploring enzyme thermostability (i.e., high temperature for irreversible denaturation) and thermophilicity (i.e., high temperature for optimal activity).
While prospects of improving protein thermostability through techniques such as random and site-directed mutagenesis and molecular evolution remain, the isolation of highly thermostable versions of enzymes from hyperthermophilic organisms should also be considered. Given the placement of hyperthermophiles close to the bottom of the evolutionary tree, thermostability might be viewed as a less evolved characteristic of their proteins. Consequently, the hyperthermophilic xylose isomerases present an opportunity to examine the molecular basis for extreme protein thermostability and enzyme thermophilicity. Along these lines, we report the cloning, sequencing, and biochemical characterization of the xylose isomerase from T. neapolitana. We report here that while the catalytic domain remains conserved, the numbers of glutamine and asparagine residues, which are susceptible to deamidation at higher temperatures, are reduced in comparison with those in less thermally stable xylose isomerases.
MATERIALS AND METHODS
Bacterial strains and plasmids. T. neapolitana 5068 (5) (DSM 5068) was used as a source of chromosomal DNA to construct the library. Escherichia coli Sure {e14 Ϫ [mcrA] ⌬[mcrCB-hsdSMR-mrr]171 sbcC recB recJ umuC::Tn5 [Kan r ] uvrC supE44 lac gyrA96 relA1 thi-1 endA1 [FЈ proAB lacI q Z⌬M15 Tn10 (Tet r )]} (Stratagene, La Jolla, Calif.) was used for the cloning experiments, and E. coli Xyl Ϫ mutant HB101 (F Ϫ hsdS20 ara-1 recA13 proA12 lacY1 galK2 rpsL20 mtl-1 xyl-5) (6) was used for the purification of the recombinant xylose isomerase. Plasmids pUC18 (Pharmacia, Piscataway, N.J.) and pBluescriptIIKSϩ and pBluescript IIKSϪ (Stratagene) were used as cloning vectors. Plasmids constructed in this study are shown in Fig. 1 .
Media and growth conditions. T. neapolitana cultures were grown in modified ASW (8) at 85ЊC. E. coli cultures were grown in Luria broth (10 g of tryptone, 5 g of yeast extract, 5 g of NaCl per liter), except for the purification of the recombinant xylose isomerase, for which Terrific Broth (31) was used. The antibiotics ampicillin and kanamycin were used at 100 g/ml and 25 g/ml, respectively.
DNA preparation and cloning procedure. Chromosomal DNA from T. neapolitana was purified by the method of Goldberg and Ohman (15) . The chromosomal DNA was partially digested with the restriction enzyme Sau3AI. The 3to 7-kb fragments were isolated from a sucrose gradient (10 to 40%) (4) and ligated into plasmid vector pUC18, which was cut with BamHI and dephosphorylated with calf intestine alkaline phosphatase. The Sure strain was transformed with the ligation mixture by electroporation (4) .
Manipulation of DNA. Plasmid DNA purification, restriction analysis, PCR, and colony and DNA hybridization were performed by conventional techniques (4, 31) . The following oligonucleotides (obtained from the Michigan State University Macromolecular Facility) were used for PCRs: 5Ј-CCA AGC TTN ACN CAY CCN GTN TTY AAR GA-3Ј (primer 1; encodes the peptide FTH PVFKD), the AAGCTT sequence of which creates a HindIII site; 5Ј-GAR CCN AAR CCN AAY GAR CCG CGG-3Ј (primer 2; encodes the peptide EPK PNEP), the CCGCGG sequence of which creates a SacII site; and 5Ј-GGT CTA GAR AAY TAY GTN TTY TGG GGN GG-3Ј (primer 3; encodes the peptide ENYVFWGG), the TCTAGA sequence of which creates an XbaI site. DNA was recovered from agarose gels with the Geneclean II kit (BIO 101, La Jolla, Calif.). Plasmid pTNE2 was stabilized by cloning the Kan r cartridge from pUC-4K (Pharmacia) into the unique pTNE2 SalI site, giving rise to plasmid pTNE2-kan.
Nucleotide sequence determination. Sequential deletions of pTNE2 were created by the exonuclease III digestion procedure of Henikoff (17) . Sequences were determined, on both strands, by the dideoxy chain termination technique of Sanger et al. (32) , using the Sequenase Version 2.0 kit (U.S. Biochemical Corp., Cleveland, Ohio). The sequencing data were analyzed by using the Sequence Analysis Software Package of the Genetics Computer Group, version 5 (University of Wisconsin) (12) . Hydrophobic cluster analysis of the amino acid sequences was performed as previously described (14, 24) with the HCA-Plot V2 software (Doriane, Le Chesnay, France).
Enzyme purification. Thermoanaerobacterium thermosulfurigenes 4B recombinant xylose isomerase was purified from E. coli HB101 carrying plasmid pCMG11-3, as described by Lee et al. (21) , except that (i) 50 mM MOPS (4-morpholinepropanesulfonic acid) (pH 7.0) containing 5 mM MgSO 4 plus 0.5 mM CoCl 2 was used as a buffer, (ii) an (NH 4 ) 2 SO 4 fractionation step was added after the heat treatment (22) , (iii) ion-exchange chromatography was performed on Q-Sepharose Fast Flow, and (iv) proteins were eluted with a linear NaCl gradient (0.0 to 0.3 M).
T. neapolitana recombinant xylose isomerase was purified from E. coli HB101 carrying plasmid pTNE2-kan as described above, except that (i) the cells were grown in Terrific Broth supplemented with kanamycin and (ii) the cell extract was heat treated at 90ЊC for 2.5 h in an oil bath with shaking.
The native T. neapolitana enzyme was purified by using the following protocol. Thirty-five liters of late-exponential-growth-phase Thermotoga cells was concentrated with a Millipore cross flow membrane filter to a final volume of approximately 800 ml. The cells were pelleted (30 min; 10,000 ϫ g) by centrifugation and washed twice with 100 mM sodium phosphate buffer (pH 7.4) containing 10 mM MgSO 4 and 1 mM CoCl 2 . The cells (12.5 g [wet weight]) were then ruptured by passage through a French pressure cell with a pressure drop of 18,000 lb/in 2 . The cell debris was spun out (20 min; 10,000 ϫ g), and the soluble fraction was used as the crude enzyme. Enzyme purification was done by fast protein liquid chromatography (Pharmacia, Uppsala, Sweden). All chromatography steps were performed at room temperature under aerobic conditions. The crude extract was applied to a DEAE-Sepharose column equilibrated with 100 mM sodium phosphate buffer (pH 7.4). The enzyme was eluted with a linear 0 to 0.2 M NaCl gradient, in the presence of 100 mM sodium phosphate (pH 7.4). The fractions containing xylose isomerase were pooled. NaCl was added to the enzyme pool to a final concentration of 4 M; the pool was then loaded into a Toyopearl Phenyl-650M hydrophobic interaction column. The column was equilibrated with a 100 mM sodium phosphate buffer (pH 7.4) containing 4 M NaCl. The proteins were eluted by using linear NaCl gradients of 4 to 2.8 M, 2.8 to 1.6 M, 1.6 to 0.8 M, and 0.8 to 0 M, separated by 1-column-volume plateaus. The xylose isomerase activity was pooled and concentrated in a stirred-cell concentrator. Sodium phosphate (100 mM, pH 7.4) was progressively added to the concentrator until the NaCl concentration was approximately 200 mM. This enzyme solution was then aliquoted into 1-ml portions and loaded into a 10/30 Superose 6 prep grade gel filtration column equilibrated with 100 mM sodium phosphate buffer (pH 7.4) containing 200 mM NaCl. The active fractions were pooled and dialyzed overnight against 50 mM MOPS (pH 7.0) containing 5 mM MgSO 4 , 0.5 mM CoCl 2 , and 0.007% NaN 3 . The purified enzyme was stored at 4ЊC until use.
Protein concentrations were determined routinely by the method of Bradford (7) , with bovine serum albumin as the standard. The protein concentrations of pure enzyme preparations were estimated at 280 nm, on denatured enzyme. The extinction coefficient (ε ϭ 52,950) was calculated from the sequence, by using the Sequence Analysis Software Package of the Genetics Computer Group, version 5 (University of Wisconsin) (12) . Enzyme fractions were analyzed by sodium dodecyl sulfate-12% polyacrylamide gel electrophoresis (SDS-12% PAGE) and visualized by Coomassie blue staining.
Enzyme assays. Cell extracts prepared by sonication and purified preparations were used as enzyme sources. To determine the effect of temperature on the T. neapolitana xylose isomerase's specific activity towards glucose as a substrate, the enzyme (0.02 to 0.1 mg/ml) was incubated in 100 mM MOPS (pH 7.0 at room temperature) containing 1 mM CoCl 2 and 0.8 M glucose for 20 min, at the temperature of interest. The pH at 90ЊC was calculated to be 6.3 (the ⌬pK a /⌬t of MOPS buffer is Ϫ0.011 [39a] ). The reaction was stopped by cooling the tubes in ice. The amount of fructose formed was determined by the cysteine-sulfuric acid-carbazole method (13) . To determine the kinetic parameters, all enzymatic assays were performed in 100 mM PIPES [piperazine-N,NЈ-bis(2-ethanesulfonic acid)] (pH 7.0 at room temperature) containing 10 mM MgCl 2 , 1 mM CoCl 2 , and 1 to 10 mM substrate (500 to 1 mM for xylose). Assays were incubated for 10 min at the reaction temperatures, and then reactions were stopped by cooling the tubes in ice. The fructose and xylulose formed were quantified by the cysteinesulfuric acid-carbazole method, and the A 560 and A 540 were measured, respectively. Glucose was quantified by using the Sigma kit 510A (Sigma, St. Louis, Mo.). One unit of isomerase activity is defined as the amount of enzyme that produced 1 mol of product per min under the assay conditions. Thermostability studies. The enzyme was incubated at various temperatures in the presence of 100 mM MOPS (pH 7.0)-0.5 mM CoCl 2 for different periods of time. Thermoinactivation was stopped by cooling the tubes in a water bath equilibrated at room temperature. The residual glucose isomerase activity was measured at 90ЊC under the conditions described above.
pH studies. The effect of pH on glucose isomerase activity was measured by using the standard protocol described above for enzyme assays, except that the MOPS buffer was substituted by acetate (100 mM; pH 4.0 to 5.7), PIPES (100 mM; pH 6.0 to 7.5), or EPPS [N-(2-hydroxyethyl)piperazine-NЈ-(3-propanesulfonic acid)] (100 mM; pH 7.5 to 8.7). All pHs were adjusted at room temperature, and the ⌬pK a /⌬ts for acetate, PIPES, and EPPS (0.000, Ϫ0.0085, and Ϫ0.011, respectively) (9, 39a) were taken into account for the results (see Fig. 6 ).
The effect of pH on enzyme stability was measured by incubating the enzyme (0.5 to 1.0 mg/ml) at 90ЊC for 30 min in acetate (100 mM; pH 4.0 to 5.7), PIPES (100 mM; pH 6.0 to 7.5), or EPPS (100 mM; pH 7.5 to 8.7), in the presence of 0.5 mM CoCl 2 . The inactivation was stopped by cooling the tubes in a water bath equilibrated at room temperature. The residual glucose isomerase activity was FIG. 1. Physical and genetic maps of pTNE1 and construction of the plasmids used in this study. Restriction sites: B, BamHI; H, HindIII; P, PstI; R, EcoRI; S, SalI; X, XbaI. Plasmid vectors are not shown. ⌬Sal originated from pTNE1 by the deletion of a SalI fragment, using the unique SalI site from pUC18. pTNE2 and pTNE3 contain a 2.5-kb SalI-XbaI fragment from pTNE1 cloned in pBluescriptKSϩ and pBluescriptKSϪ, respectively. R3 and R9 contain the 2-kb EcoRI fragment from pTNE1 cloned in pBluescript in opposite orientations. The hatched box represents the smallest fragment of pTNE1 hybridizing with the probe used for the library screening. The location and transcriptional direction of the xylA gene are indicated by the shaded arrow.
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VIEILLE ET AL. APPL. ENVIRON. MICROBIOL. measured at 90ЊC and pH 6.3 (pH 7.0 at room temperature) by using the standard protocol. The enzyme was diluted 10-fold in the reaction mixture. Microcalorimetry studies. Ten milligrams of both recombinant T. neapolitana and 4B enzymes were dialyzed extensively against a solution of 20 mM PIPES (pH 7.0) (at room temperature) that contained 1 mM EDTA to ensure that both were apoenzymes. The EDTA was then removed by dialysis against 20 mM PIPES (pH 7.0). The enzymes were assayed for residual activity, and when none was found, were concentrated to 10 mg/ml. Both enzymes were split into two equal fractions and melted on a differential scanning calorimeter (Hart Scientific).
Nucleotide sequence accession number. The GenBank accession number for the sequence published in this article is L38994.
RESULTS
Cloning of the xylose isomerase gene. The first attempts to clone the T. neapolitana xylA gene by complementation of a Xyl Ϫ strain of E. coli were unsuccessful. This result was expected, since no xylose isomerase activity could be detected with the xylose isomerase purified from T. maritima, at temperatures compatible with E. coli growth (8) . On the other hand, no hybridization signal could be detected in T. neapolitana genomic DNA with the T. thermosulfurigenes 4B xylA gene as a probe.
It was decided, therefore, to amplify a DNA fragment internal to the T. neapolitana xylA gene and to use it as a probe to screen a plasmid library. To design primers for PCR, the amino acid sequences of the xylose isomerases from Actinoplanes missouriensis, an Ampullariella sp., Streptomyces rubiginosus, Streptomyces violaceoniger, Bacillus subtilis, Lactobacillus brevis, Lactobacillus pentosus, T. thermosulfurigenes 4B, Staphylococcus xylosus, and E. coli (all obtained from GenBank) were aligned (data not shown) to identify highly conserved regions. Two families of highly conserved enzymes were identified: the first included the Streptomyces, Ampullariella, and A. missouriensis enzymes, and the second included the enzymes from E. coli, S. xylosus, B. subtilis, the lactobacilli, and T. thermosulfurigenes. Only the sequence EPKP(N,K)EP (positions 232 to 238 in the T. thermosulfurigenes enzyme) was conserved among the two families. The sequence FTHPVFKD (positions 94 to 100 in the A. missouriensis enzyme) was conserved only in family I, whereas the sequence ENYVFWG (positions 183 to 189 in the T. thermosulfurigenes enzyme) was conserved only in family II. (Not similar enough to the other family II enzymes, the E. coli and S. xylosus xylose isomerases were omitted in defining the consensus sequence in family II.) Since it was not clear to which family the T. neapolitana enzyme would belong, it was decided to design two sets of degenerate primers to correspond to the two families. With primers 1 and 2, we expected a 294-bp PCR product, and with primers 2 and 3, we expected a 180-bp PCR product.
With T. neapolitana genomic DNA as the template, only the PCR using primers 2 and 3 gave rise to a single band of the expected size in a reproducible way. This PCR product has been cloned into the XbaI-SacII sites of pBluescriptIIKSϩ and sequenced. One reading frame in this fragment is open for 54 codons. These codons encode a putative peptide that is 80% identical to the part of the T. thermosulfurigenes xylose isomerase gene chosen for the amplification. This PCR fragment was used as a probe to screen a T. neapolitana genomic library. Among 15,000 clones that were screened by colony hybridization, 6 hybridized strongly with the probe. Restriction analysis of these clones revealed that they all overlapped (data not shown). All of them showed xylose isomerase activity (data not shown).
One clone, pTNE1 (Fig. 1) , was chosen for further studies. Additional hybridizations with restriction digests of pTNE1 showed that a 750-bp EcoRI-BamHI fragment carried the ho-mology with the PCR probe. Several subclones were constructed and tested for xylose isomerase activity (Fig. 1) . Compared with pTNE1, the same level of activity was detected with both pTNE2 and pTNE3. Since the insert was in the opposite orientation in pTNE2 and pTNE3, in reference to the lacZ promoter, the xylose isomerase gene carried by the insert is probably expressed from its own promoter. No activity could be detected with R3 and R9. The pTNE2 insert was used as a probe against a Southern blot of T. neapolitana and E. coli DNA. The xylA-containing probe showed strong homology to T. neapolitana DNA, whereas no homology with E. coli DNA could be detected (data not shown). This result confirmed that the cloned xylA gene was indeed T. neapolitana DNA.
Nucleotide sequence of the xylose isomerase gene. The 2.4-kb SalI-XbaI insert of pTNE2 has been sequenced (Fig. 2) . (19) is present 63 bp upstream of the ATG start codon. An inverted repeat located 213 bp downstream of xylA might be involved in termination of transcription. No homology with E. coli xylB was found upstream and downstream of xylA. The genetic organization of the xylose metabolism genes, therefore, seems to be different from that which has been described for other microorganisms, in which xylA and xylB are clustered and sometimes cotranscribed (20, 25, 33, 44) . The overall GϩC content of xylA is 47% (members of the order Thermotogales have a genomic GϩC content of 40 to 46%). The GϩC content in codon position 3 is 59% (it is 60% for T. maritima omp␣); this content is 15% higher than that expected in an organism with 46% genomic GϩC (29) . Comparison of the protein sequences. Table 1 shows the percents identity and similarity among most reported xylose isomerase protein sequences. The T. neapolitana xylose isomerase clearly belongs to xylose isomerase family II, including the enzymes from E. coli, B. subtilis, Thermoanaerobacter ethanolicus, and T. thermosulfurigenes 4B. Enzymes of family I are shorter by 40 to 50 residues at the N-terminal end (Fig. 3) (40) . The T. neapolitana enzyme is most similar to other thermostable isomerases, with the exception of the enzyme from Thermus thermophilus (which belongs to the family I xylose isomerases). The catalytic triad (His-101, Asp-104, Asp-339), as well as almost all the other residues involved either in substrate or metal binding, is conserved (Fig. 3 ) among the two protein families.
The amino acid compositions of xylose isomerases from family II (not shown) have been compared, and with the exception of a significant decrease in the AsnϩGln content, no obvious amino acid substitutions could be detected between enzymes originating from mesophilic, moderately thermophilic, and hyperthermophilic organisms (all the polypeptides compared contained between 437 and 449 residues). Figure 4 shows the AsnϩGln content of family II xylose isomerases as a function of organism growth temperature. There is an obvious correla-tion in family II between the growth temperature of an organism and the AsnϩGln content of its xylose isomerase, whereas for family I the low AsnϩGln content of the enzymes from mesophiles and the fact that we had data for only one enzyme originating from a thermophile did not allow us to draw any conclusion (data not shown).
Biochemical characterization of T. neapolitana xylose isomerase. Since plasmid pTNE2 was unstable in E. coli HB101, the recombinant T. neapolitana xylose isomerase was purified from HB101(pTNE2-kan) cultures grown in the presence of kanamycin. Heat treatment of the cell extracts for 2.5 h at 90ЊC was a highly efficient step. The main contaminating protein was removed by ammonium sulfate fractionation. A final step of ion-exchange chromatography yielded pure enzyme (data not shown). The purified xylose isomerase consisted of one type of subunit of 50,000 Da (as determined by SDS-PAGE) and had a specific activity of 21 U/mg at 97ЊC. The recombinant xylose isomerase is optimally active at 97ЊC and shows more than 90% of maximal activity between 94 and 100ЊC (Fig. 5 ). In the absence of a substrate, the enzyme retains 40% of its activity after incubation at 90ЊC for 2 h and 90% of its activity after incubation at 50ЊC for 4 h (Fig. 6 ). The native enzyme shows the same half-life at 95ЊC as the recombinant enzyme (data not shown). The logarithmic representation (not shown) of the residual activity after thermoinactivation does not appear to be linear, indicating that inactivation is probably a multistep process. Half-lives at various temperatures are shown in Fig. 6 . The melting point of the recombinant T. neapolitana xylose isomerase-as determined by microcalorimetry-was 88ЊC, compared with 66ЊC for the 4B enzyme (data not shown). These data are for the apo form of each enzyme, in contrast to data showing the stabilizing effect of cations on the 4B enzyme (27) .
The T. neapolitana xylose isomerase is optimally active at pH 7.1, but it retains a high percentage of activity over a wide pH range (data not shown). The enzyme shows more than 80% of its maximum activity between pHs 6.1 and 7.6. The enzyme retains 100% of its activity over a pH range of 6.8 to 7.3 for at least 30 min when incubated at 90ЊC in the absence of a substrate (data not shown). The remaining activity-as measured at pH 6.3-after 30 min at 90ЊC and pH 6.95 or 7.08 is 10% higher than that of the positive, nonpreheated control.
The kinetic properties of the enzyme on xylose and glucose were determined at 90 and 98ЊC, and the kinetic properties on fructose were determined at 60, 75, 85 (the growth temperature of the organism), 90, and 98ЊC ( Table 2 ). As do other xylose isomerases, the T. neapolitana enzyme has a lower K m for xylose (15.9 mM at 90ЊC) than for glucose (88.5 mM at 90ЊC). Kinetic parameters defined for the T. neapolitana xylose isomerase are comparable to the kinetic parameters defined for the other xylose isomerases ( Table 3) .
DISCUSSION
The gene for the highly thermostable and thermophilic xylose isomerase from the hyperthermophile T. neapolitana has been cloned, sequenced, and expressed in E. coli. This enzyme clearly belongs to xylose isomerase family II, which is characterized by an approximately 50-amino-acid insert at the N terminus of the protein. Within this family, the T. neapolitana enzyme is similar to the thermostable enzymes from T. ethanolicus 39E and T. thermosulfurigenes 4B. Although it is 70% identical to the 4B enzyme and, according to the hydrophobic cluster analysis comparison, the two enzymes show highly conserved secondary structures, the T. neapolitana xylose isomerase is optimally active at a temperature at least 15ЊC higher than that at which the 4B enzyme is optimally active (95 versus 80ЊC) (23) . The T. neapolitana enzyme is also more thermostable than the xylose isomerase from T. thermosulfurigenes. The melting points (as determined by calorimetry) for the apo forms of these enzymes (88 and 66ЊC for the T. neapolitana and 4B xylose isomerases, respectively) reinforce the thermoactivity data. The high degree of homology between the T. neapolitana and the 4B xylose isomerases and their significant difference in thermostability and thermophilicity make comparative studies of these enzymes attractive for understanding of key molecular structure-function features.
The T. neapolitana xylose isomerase has kinetic characteristics for xylose or glucose isomerization similar to those of other xylose isomerases. However, with respect to glucose, the T. neapolitana enzyme has a lower K m and a higher V max than most thermophilic xylose isomerases (Table 3) , including the enzyme from T. maritima (8) . It would be interesting to compare the xylose isomerase sequences from T. neapolitana and T. maritima. Since these enzymes originate from closely related hyperthermophilic organisms, one would expect their sequences to be highly similar. However, their behavior is surprisingly different: the T. maritima xylose isomerase is more thermostable (estimated half-life of 10 min at 120ЊC, as opposed to 5 min at 100ЊC for the T. neapolitana enzyme) (8), whereas the T. neapolitana xylose isomerase shows a better efficiency with respect to glucose (k cat /K m of 13.0 as opposed to 6.9 for the T. maritima enzyme). It remains to be seen if the catalytic efficiency for the industrial substrate can be improved by site-directed mutagenesis, as has been done for other xylose isomerases (28) . The T. neapolitana enzyme also retains a high relative activity below pH 7.0. This retention is essential for long-term usage at high temperatures because using an acidic pH minimizes the reaction between glucose and the ε-amino group of lysine residues. This ''Maillard reaction'' has been cited as a cause of inactivation of xylose isomerases (43) . It will be interesting to see if and/or to what degree the T. neapolitana xylose isomerase is stabilized by immobilization and to determine what effect the support has on the catalytic properties of the enzyme.
The broad temperature range over which hyperthermophilic enzymes are active permits the examination of the thermal sensitivity of biocatalytic features. Table 2 shows that for the fructose-to-glucose reaction, V max increases with increasing temperature, as does K m . The net effect of this situation is that the catalytic efficiency of the enzyme drops off by a factor of two at 98ЊC, compared with its value over the temperature range of 60 to 90ЊC. This drop may be attributed to conformational changes of the enzyme with temperature which ultimately interfere with the substrate binding to the active site or, perhaps, to a feature of the thermal sensitivity of the substrate. Concern for thermal sensitivity of the substrate instead of the enzyme is an interesting feature of biocatalysis at elevated temperatures.
Careful examination of the gene sequences available for other xylose isomerases in relation to the T. neapolitana enzyme reveals little in terms of strategies for thermal stabilization. Many of the amino acid substitution rules for enhancing thermostability can be confirmed in some cases and contradicted in others. This is not surprising, because for an enzyme as relatively well studied as xylose isomerase, there is much debate concerning the primary cause of thermoinactivation. Thermal-chemical inactivation of xylose isomerase is a particularly complex issue. Glucose is reactive toward the amino groups (N-terminal and ε-amino groups of lysine residues) of the enzyme; at the same time, the enzyme is a large tetramer that inactivates irreversibly. Nonenzymatic glycosylation of a strategically positioned lysine is known to contribute to the thermal-chemical inactivation of the xylose isomerase from A. (30) . Volkin and Klibanov (41) attribute deactivation to the oxidation of Cys residues and to the deamidation of Asn and Gln residues at high temperatures. One observation gleaned from careful examination of the protein sequences is a general decrease in the number of thermolabile amino acids that can undergo deamidation. Interestingly, the Lys residue implicated in a previous study (30) does not appear to be conserved among the thermophilic family II enzymes. Therefore, the trend of decreasing numbers of Asn and Gln residues (and/or the substitution of a specific Lys residue) may contribute to the thermostability of the T. neapolitana xylose isomerase. Structural information is necessary before the contribution of specific residues maintaining the conformation of the protein can be understood, but the trend of decreasing numbers of Asn and Gln residues is readily apparent. Studying the T. neapolitana xylose isomerase sequence and structural information may suggest approaches for increasing the thermostability of moderately thermophilic xylose isomerases, which otherwise have useful catalytic features. Work in progress in our laboratories on site-directed mutagenesis of the moderately thermophilic xylose isomerase of T. thermosulfurigenes is aimed at showing the roles of both decreased Asn and Gln content and critical prolines in hyperthermal stabilization of xylose isomerases. However, it is not apparent that generic approaches to improving thermostability for other types of enzymes, in such a way that biocatalytic features are not compromised, will emerge from the comparative study of xylose isomerases. This remains as a challenge to protein engineering.
